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US 9,046,006 B2

1
DUAL CYCLE RANKINE WASTE HEAT
RECOVERY CYCLE

FIELD OF THE INVENTION

The present invention relates generally to waste heat recov-
ery systems for internal combustion engines and, more par-
ticularly, to a waste heat recovery system for a vehicle,
wherein the system utilizes dual Rankine cycles.

BACKGROUND

Internal combustion engines are known to convert a rela-
tively small amount of the energy from fuel into usable
energy. In a typical internal combustion engine, fuel is mixed
with air, compressed within one or more combustion cham-
bers, and ignited. The expansion of the ignited air/fuel mix-
ture drives pistons to produce usable power. The exothermic
combustion of the air/fuel mixture also generates a large
amount of heat, the majority of which is lost as the high-
temperature products of combustion are exhausted into the
atmosphere. Exhaust heat recovery systems are known in the
art as a way to convert heat that would otherwise be lost in the
engine exhaust into usable energy.

While the exhaust gas from the combustion chamber rep-
resents the greatest source of recoverable waste heat, most
vehicles have several other secondary sources of recoverable
waste heat, although the operating temperatures of these addi-
tional heat sources are typically lower than that of the engine
exhaust. Exemplary additional heat sources include engine
cooling systems, oil coolers, transmission fluid coolers,
exhaust gas recirculation (EGR) systems, low-temperature
portions of an exhaust gas heat recovery cycle, and any other
suitable source capable of providing recoverable heat.

The exhaust from the engine provides a reliable source of
recoverable heat; however, the heat available from each of the
secondary heat sources can vary greatly according to vehicle
operating conditions and which vehicle systems are in use at
a particular time. As a result, the secondary heat source that
provides optimal heat recovery can change as operating con-
ditions change.

SUMMARY

A first exemplary embodiment of a disclosed dual cycle
waste heat recovery system includes a high-temperature cir-
cuit that utilizes a first working fluid. The first working fluid
is heated by a first waste heat source and then expanded
through a first expander to produce power. The heat recovery
system further includes a low-temperature circuit that utilizes
a second working fluid. The low-temperature circuit also
includes a first heat exchanger for heating the second working
fluid with heat from the first working fluid and a second heat
exchanger for heating the second working fluid with heat
from a second waste heat source. A control valve selectively
controls the flow of the second working fluid to each of the
first and second heat exchangers according to a predeter-
mined set of parameters. An expander receives the second
working fluid from the first and second heat exchangers and
expands the second working fluid to produce power.

A second exemplary embodiment of a disclosed dual cycle
waste heat recovery system includes a high-temperature cir-
cuit and a low-temperature circuit. The high-temperature cir-
cuit uses a first working fluid and includes (1) a first heat
exchanger for heating the first working fluid, (2) a first
expander for receiving the first working fluid from the first
heat exchanger and expanding the first working fluid to pro-
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duce power, and (3) a second heat exchanger for receiving the
first working fluid from the first expander and cooling the first
working fluid. The low-temperature circuit uses a second
working fluid and includes a valve for selectively directing
the second working fluid to be heated by one of the second
heat exchanger and a third heat exchanger. The low-tempera-
ture circuit also includes a second expander for receiving the
second working fluid from the one of the second heat
exchanger and third heat exchanger, and expanding the sec-
ond working fluid to produce power. A controller controls the
valve to direct the second working fluid selectively to one of
the second and third heat exchangers according to a predeter-
mined set of parameters.

A third exemplary embodiment of a disclosed dual cycle
waste heat recovery system includes a first heat recovery
circuit that uses a first working fluid and a second heat recov-
ery circuit that uses a second working fluid. The first heat
recovery circuit has (1) a first heat exchanger for heating the
first working fluid, (2) a first expander for receiving the first
working fluid from the first heat exchanger and expanding the
first working fluid to produce power, and (3) a second heat
exchanger for receiving the first working fluid from the first
expander and cooling the first working fluid. The second heat
recovery circuit includes (1) a third heat exchanger for heat-
ing the second working fluid with heat from a first heat source,
(2) a fourth heat exchanger for heating the second working
fluid with heat from a second heat source, and (3) a valve. The
valve selectively directs the second working fluid to the one of
the second heat exchanger, the third heat exchanger, and the
fourth heat exchanger according to which heat source has the
highest temperature. The first working fluid acts as a heat
source for the second working fluid in the second heat
exchanger. The second heat recovery circuit also includes a
second expander for receiving the second working fluid from
the one of the second heat exchanger, the third heat
exchanger, and the fourth heat exchanger and expanding the
second working fluid to produce power.

This summary is provided to introduce a selection of con-
cepts in a simplified form that are further described below in
the Detailed Description. This summary is not intended to
identify key features of the claimed subject matter, nor is it
intended to be used as an aid in determining the scope of the
claimed subject matter.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:

FIG. 1 shows a schematic diagram of an exemplary
embodiment of a dual cycle heat recovery system; and

FIG. 2 shows an embodiment of the heat recovery system
of FIG. 1 adapted for use on a vehicle.

DETAILED DESCRIPTION

The present disclosure is generally directed to a system that
converts waste heat from an internal combustion engine into
useful mechanical or electrical energy. In one described
embodiment, the system is adapted to convert waste heat from
a vehicle’s internal combustion engine, as well as heat from
other vehicle systems. Recovered mechanical energy can be
provided to the vehicle drive train via aknown transmission to
improve vehicle efficiency, while electrical energy generated
by the system can power various vehicle systems or be stored
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for later use. It should be appreciated that the recovered
mechanical and or electrical energy can be used or stored in
any number of suitable ways. Accordingly, the exemplary
uses and storage means described herein should not be con-
sidered limiting.

Referring to FIG. 1, an exemplary embodiment of a dual
cycle heat recovery system 10 is shown. The system uses a
first Rankine cycle, which defines a hot cycle 12, in coopera-
tion with a second Rankine cycle, which defines a cold cycle
14. The hot cycle 12 utilizes a first working fluid 16 that is
movable through a circuit formed by the following compo-
nents placed in fluid connection: a pump 18, a first heat
exchanger 20, a turbine 22, a second heat exchanger 24, and
a condenser 26.

The hot cycle 12 operates as a known conventional Rank-
ine cycle. The pump 18 pressurizes the working fluid 16 from
alow-pressure liquid state at the pump inlet to a high-pressure
liquid state at the pump outlet.

The pressurized working fluid 16 passes through the first
heat exchanger 20, which acts as a boiler to vaporize the
working fluid 16 into a dry saturated vapor. The first heat
exchanger vaporizes the working fluid using waste heat from
the vehicle. A high-temperature heat source, such as engine
exhaust, is preferable, although other heat sources may be
suitable depending upon the optimal temperature range of the
working fluid 16.

The vaporized high-pressure working fluid 16 is expanded
through the turbine 22 to create power P. In one embodiment,
the turbine 22 output is mechanical power that is supplied to
the vehicle drive system or any other suitable system by a
known transmission. In other embodiments, the turbine 22
output is electrical power that is supplied to various electrical
systems, or is stored in batteries to be used at a later time. It
will be appreciated that power P produced by the turbine 22
can be used by any number of systems that require a power
supply. Accordingly, embodiments that enable the power gen-
erated by the turbine 22 to be supplied to such systems are
contemplated and should be considered within the scope of
the present disclosure.

Working fluid 16 exiting the turbine 22 has a lower tem-
perature and pressure than working fluid entering the turbine.
The low-pressure working fluid 16 exiting the turbine 22 is
passed through the second heat exchanger 24, which further
cools the working fluid. As explained in further detail below,
heat removed from the working fluid 16 by the second heat
exchanger 24 is made available to the cold cycle 14 of the heat
recovery system 10. The low-pressure working fluid 16 is
then passed through a condenser 26, thereby condensing the
vaporized working fluid into a saturated liquid before return-
ing the working fluid to the pump 18.

Although the disclosed embodiment of the hot cycle 12 has
the configuration of a typical Rankine cycle, it should be
appreciated that various alternate embodiments are possible.
In one alternate embodiment, the second heat exchanger 24
also acts as the condenser 26. In another alternate embodi-
ment, the hot cycle 12 includes a reheat feature, wherein
vapor exiting the turbine is reheated by a boiler before being
expanded through a second, lower temperature turbine to
generate additional power. In yet another embodiment, the
hot cycle 12 is based on a regenerative Rankine cycle,
wherein heat is taken from the vaporized working fluid exit-
ing the turbine and is used to heat the low-temperature work-
ing fluid 16 exiting the condenser 26 or the pump 18. These
and other heat recovery cycles are contemplated. In this
regard, any heat recovery system capable of (1) converting
waste heat into usable energy, and (2) providing heat to power
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a secondary recovery cycle can be used as the hot cycle, and
should be considered within the scope of the present disclo-
sure.

Still referring to FI1G. 1, the cold cycle 14 utilizes a second
working fluid 40 that is movable through a circuit formed by
the following components placed in fluid connection: a pump
28, a valve 30, a plurality of heat exchangers 24, 32 and 34, a
turbine 36, and a condenser 38.

Similar to the hot cycle 12, the cold cycle 14 operates as a
known conventional Rankine cycle. The pump 28 pressurizes
the working fluid 40 from a low-pressure liquid state at the
pump inlet to a high-pressure liquid state at the pump outlet.

The pressurized working fluid 40 is selectively directed to
one or more of the plurality of heat exchangers 24, 32, and 34
by the valve 30. More specifically, a controller 42 controls the
valve 30 to direct the working fluid 40 to the heat exchanger
or heat exchangers 24, 32, and/or 34 having the most available
heat to heat the working fluid 40.

The amount of heat, i.e., thermal energy, available from
each of the plurality of heat exchangers is determined using
one or more parameters obtained using a variety of sensors
50. In one embodiment, the sensors 50 are temperature sen-
sors that sense the temperature of the heat source of each heat
exchanger. Based on the temperature data from the sensors
50, the controller 42 controls the valve 30 to direct the work-
ing fluid 40 to the heat exchanger having the source of thermal
energy with the highest temperature.

In another embodiment, the sensors 50 sense the tempera-
ture, pressure, and mass flow of the heat source of each heat
exchanger. The temperature and pressure of a given heat
exchanger heat source are used to determine the enthalpy h of
the fluid providing the heat. For example, knowing the tem-
perature, pressure, and thermodynamic properties of the first
working fluid 16, the enthalpy h of the first working fluid
passing through the heat exchanger 24 can be determined.
Multiplying the enthalpy h of the first working fluid 16 by the
mass flow of the first working fluid gives the amount of
thermal energy available from the first working fluid 16 to
heat the second working fluid 40. Similar calculations can be
made to determine the amount of thermal energy available
from the other heat exchangers 32 and 24.

It should be appreciated that the determination of which
heat exchanger has the most available thermal energy for
heating the second working fluid can be determined accord-
ing to a variety of parameters. The use of such alternative
parameters is contemplated and should be considered within
the scope of the present disclosure. Moreover, it is contem-
plated that different parameters can be employed for different
heat sources, depending upon the operating characteristics of
each particular heat source.

The controller 42 controls the valve 30 to direct the work-
ing fluid to the one or more heat exchangers that will provide
the greatest amount of heat to the cold cycle working fluid 40.
In some instances, it will be most efficient for the valve 30 to
direct all of the working fluid 40 to the heat exchanger with
the hottest “hot side” working fluid. In other instances, it will
be more efficient to send some of the working fluid 40 to one
heat exchanger, while directing the rest of the working fluid to
one or more of the remaining heat exchangers. Such a case
may arise when one of the heat exchangers has a high-tem-
perature, low-flow “hot side” working fluid. Such a heat
exchanger could efficiently heat a portion of the working fluid
40 up to a certain flow rate; however, above that flow rate, it
would be more efficient to direct to the remainder of the
working fluid to one or more of the other heat exchangers.
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The one or more heat exchangers 24, 32, and 34 through
which the working fluid 40 is directed act as boilers to vapor-
ize the working fluid 40 into a dry saturated vapor. The first
heat exchanger 20 vaporizes the working fluid using waste
heat from the hot cycle 12. The remaining heat exchangers 32
and 34 utilize heat from any number of suitable sources,
including but not limited to an exhaust gas recirculation
(EGR) system, engine oil, engine coolant, a recuperator, or
any other suitable source. For each of these heat sources, it
will be appreciated that the heat may be supplied by a flow of
a heat source fluid 44 and 46, respectively (exhaust gas,
engine oil, engine coolant, working fluid, etc.) associated
with that particular heat source. That is, if the heat source is an
EGR system, then exhaust gas may be supplied to the heat
exchanger to act as a heat source fluid; if the heat source is
engine oil, then engine oil may be supplied to the heat
exchanger to act as a heat source fluid; if the heat source is
engine coolant, then engine coolant may be supplied to the
heat exchanger to act as a heat source fluid; etc. Further,
although the illustrated embodiment has three heat exchang-
ers to which the valve 30 can direct the working fluid, it
should be appreciated that this configuration is exemplary,
and any suitable number of heat exchangers can be employed.

The vaporized high-pressure working fluid 40 discharged
by the one or more heat exchangers 24, 32, and 34 is recom-
bined and expanded through the turbine 36 to create power P.
Similar to the hot cycle turbine 22, the cold cycle turbine 36
is one of several possible embodiments. In one embodiment,
the turbine 36 output is mechanical power that is supplied to
the vehicle drive system or any other suitable system by a
known transmission. In other embodiments, the turbine 36
output is electrical power that is supplied to various electrical
systems or is stored in batteries to be used at a later time. It
will be appreciated that power P produced by the turbine 36
can be used by any number of systems that require a power
supply. Accordingly, embodiments that enable the power gen-
erated by the turbine 36 to be supplied to such systems are
contemplated and should be considered within the scope of
the present disclosure.

Working fluid 40 exiting the turbine 36 has a lower tem-
perature and pressure than working fluid entering the turbine.
The low-pressure working fluid 40 is passed through the
condenser 38, thereby condensing the vaporized working
fluid into a saturated liquid before returning the working fluid
to the pump 28.

Although the disclosed embodiment of the cold cycle 14
has the configuration of a typical Rankine cycle, it should be
appreciated that various alternate embodiments are possible.
In one alternate embodiment, the cold cycle 14 includes a
reheat feature, wherein vapor exiting the turbine is reheated
by a boiler before being expanded through a second, lower
temperature turbine to generate additional power. In another
alternate embodiment, the cold cycle 14 is based on a regen-
erative Rankine cycle, wherein heat is taken from the vapor-
ized working fluid exiting the turbine and is used to heat the
low-temperature working fluid 40 exiting the condenser 38 or
the pump 28. In yet another embodiment, vapor exiting the
turbine 36 is used as a heat source for one of the heat exchang-
ers 32, and 34. These and other heat recovery cycles are
contemplated. In this regard, any heat recovery cycle capable
of converting waste heat into usable energy can be used as a
basis for the cold cycle, and should be considered within the
scope of the present disclosure.

Referring now to FIG. 2, an exemplary embodiment of the
previously described heat recovery system 10 will be
described. The heat recovery system 110 includes a hot cycle
112 that utilizes a high-temperature working fluid 116, such
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as butane, a water/methanol mixture, or any other suitable
fluid. The working fluid 116 is pressurized by a pump 118 and
then preheated in a heat exchanger 120 using heat from the
engine exhaust. The preheated working fluid 116 is next
vaporized in a heat exchanger 122 using heat from the EGR
system of the vehicle. The vaporized working fluid 116 is
expanded through a turbine 124 to drive a high-speed gearbox
that provides additional power to the vehicle drive train. The
working fluid 116 is then precooled in a heat exchanger 126
so that the heat removed from the working fluid is available to
the power the cold cycle 114. The precooled working fluid
116 is condensed in a condenser 128 and returned to the pump
118.

Still referring to FIG. 2, the cold cycle 114 utilizes a low-
temperature working fluid 160, such as ethanol, R245FA
(1,1,1,3,3-pentafluoropropane), or any other suitable work-
ing fluid. The working fluid 160 is pressurized in a pump 130
and then passed through a valve 132. The valve 132 selec-
tively directs the working fluid 160 to one or more of three
heat exchangers 126, 134 and 136. The first heat exchanger
126 is the same heat exchanger used to precool the first
working fluid 116 of the hot cycle 112 after it is expanded
through the turbine 124. Thus, the heat source for the first heat
exchanger 126 is the hot cycle 112. The second heat
exchanger 134 uses the EGR system of the vehicle as a heat
source. The third heat exchanger 136 is a recuperator, which
recaptures heat from the second working fluid 160 after it has
been expanded through a turbine 140. In response to infor-
mation received from sensors that sense various parameters
related to each potential heat source as described above, a
controller controls the valve to direct the second working
fluid 160 to the one or more heat exchangers that will most
efficiently heat the working fluid.

The working fluid 160 exits the one or more heat exchang-
ers 126, 134, and 136 and is superheated by another heat
exchanger 138, which uses engine exhaust as a heat source.
The superheated working fluid 160 is expanded through the
turbine 140 to produce power P and then passed through the
recuperator (heat exchanger 136) to serve as a potential heat
source for working fluid 160 that has been compressed by the
pump 130. The working fluid 160 is then condensed by a
condenser 142 and returned to the pump 130 to start the cycle
again.

It is noted that the function of each of the components that
make up the heat recovery system 110 will generally deter-
mine where on the vehicle that component is located. In this
regard, as shown in FIG. 2, in which different portions of the
vehicle are labeled and separated by dashed lines, some com-
ponents are located in the engine compartment of the vehicle,
while others are located in a Rear Engine Power Take-off
(REPTO) area. Still other components are positioned on the
back of the vehicle cab. It should be appreciated that the
component locations are exemplary only and should not be
considered limiting. In this regard, the system components
can be located at any suitable location on the vehicle; how-
ever, the location of each particular component will prefer-
ably be chosen to optimize the performance of the heat recov-
ery system 110, while at the same time minimizing any
negative impact on the performance of the other vehicle sys-
tems that are associated with the heat recovery system.

While illustrative embodiments have been illustrated and
described, it will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the invention.
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The invention claimed is:

1. A dual cycle waste heat recovery system, comprising:

(a) a high-temperature circuit, comprising:

(1) a first working fluid;

(ii) a first waste heat source, wherein the first working
fluid is heated by the first waste heat source;

(iii) a first expander, the first working fluid being
expanded through the first expander to produce
power; and

(iv) a first sensor for sensing a temperature of the first
working fluid, a pressure of the first working fluid, and
a mass tlow of the first working fluid; and

(b) a low-temperature circuit, comprising:

(1) a second working fluid;

(ii) a first heat exchanger selectively heating the second
working fluid, the first working fluid providing heat to
the first heat exchanger;

(iii) a second heat exchanger configured in parallel with
the first heat exchanger, the second heat exchanger
selectively heating the second working fluid, a second
waste heat source comprising a flow of a heat source
fluid providing heat to the second heat exchanger;

(iv) a second sensor for sensing a temperature of the heat
source fluid, a pressure of the heat source fluid, and a
mass flow of the heat source fluid;

(v) a control valve for selectively directing the second
working fluid to the first and second heat exchangers;

(vi) a controller determining a thermal load of the first
working fluid according to the temperature, pressure,
and mass flow of the first working fluid, the controller
determining a thermal load of the heat source fluid
according to the temperature, pressure, and mass flow
of the heat source fluid; and

(vii) a second expander, the second working fluid being
expanded through the second expander to produce
power, wherein the controller controls the control
valve according to the thermal loads of the first work-
ing fluid and the heat source fluid to maximize the
temperature of the second working fluid entering the
second expander.

2. The system of claim 1, wherein the control valve directs
at least a portion of the second working fluid to the first heat
exchanger when the thermal load of the first working fluid is
greater than the thermal load of the heat source fluid.

3. The system of claim 2, wherein the control valve directs
at least a portion of the second working fluid to the second
heat exchanger when the thermal load of the heat source fluid
is greater than the thermal load of the first working fluid.

4. The system of claim 1, the low-temperature circuit fur-
ther comprising a third heat exchanger for selectively heating
the second working fluid with heat from a third waste heat
source, wherein the control valve selectively controls the flow
of'the second working fluid to the first, second, and third heat
exchangers.

5. The system of claim 1, wherein the control valve directs
the second working fluid to bypass the second heat exchanger
when the thermal load of the first working fluid is greater than
the thermal load of the heat source fluid.

6. The system of claim 5, wherein the control valve directs
the second working fluid to bypass the first heat exchanger
when the thermal load of the heat source fluid is greater than
the thermal load of the first working fluid.
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7. A dual cycle waste heat recovery system, comprising:

(a) a high-temperature circuit, comprising:

(1) a first working fluid;

(ii) a first waste heat source, wherein the first working
fluid is heated by the first waste heat source;

(iii) a first expander, the first working fluid being
expanded through the first expander to produce
power; and

(iv) a first sensor for sensing a temperature of the first
working fluid, a pressure of the first working fluid, and
a mass flow of the first working fluid; and

(b) a low-temperature circuit, comprising:

(1) a second working fluid;

(ii) a first heat exchanger selectively heating the second
working fluid, the first working fluid providing heat to
the first heat exchanger;

(iii) a second heat exchanger configured in parallel with
the first heat exchanger, the second heat exchanger
selectively heating the second working fluid, a second
waste heat source comprising a flow of a heat source
fluid providing heat to the second heat exchanger, the
heat source fluid being one of exhaust gas, engine oil,
and engine coolant;

(iv) a second sensor for sensing a temperature of the heat
source fluid, a pressure of the heat source fluid, and a
mass flow of the heat source fluid;

(v) a control valve for selectively directing the second
working fluid to the first and second heat exchangers;

(vi) a controller determining a thermal load of the first
working fluid according to the temperature, pressure,
and mass flow of the first working fluid, the controller
determining a thermal load of the heat source fluid
according to the temperature, pressure, and mass flow
of the heat source fluid; and

(vii) a second expander, the second working fluid being
expanded through the second expander to produce
power, wherein the controller controls the control
valve according to the thermal loads of the first work-
ing fluid and the heat source fluid to maximize the
temperature of the second working fluid entering the
second expander.

8. The system of claim 7, wherein the control valve directs
at least a portion of the second working fluid to the first heat
exchanger when the thermal load of the first working fluid is
greater than the thermal load of the heat source fluid.

9. The system of claim 8, wherein the control valve directs
at least a portion of the second working fiuid to the second
heat exchanger when the thermal load of the heat source fluid
is greater than the thermal load of the first working fluid.

10. The system of claim 7, the low-temperature circuit
further comprising a third heat exchanger for selectively heat-
ing the second working fluid with heat from a third waste heat
source, wherein the control valve selectively controls the flow
of'the second working fluid to the first, second, and third heat
exchangers.

11. The system of claim 7, wherein the control valve directs
the second working fluid to bypass the second heat exchanger
when the thermal load of'the first working fluid is greater than
the thermal load of the heat source fluid.

12. The system of claim 11, wherein the control valve
directs the second working fluid to bypass the first heat
exchanger when the thermal load of the heat source fluid is
greater than the thermal load of the first working fluid.

#* #* #* #* #*
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